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ABSTRACT

Automation of flow field zoning in two dimensions is
an important step towards reducing the difficulty of three-
dimensional grid generation in computational fluid dynam-
ics. Using a knowledge-based approach makes sense, but
problems arise which are caused by aspects of zoning in-
volving perception, lack of expert consensus, and design
processes. These obstacles are overcome by means of a
simple shape and configuration language, a tunable zon-
ing archetype, and a method of assembling plans from
selected, predefined subplans. A demonstration system
for knowledge-based two-dimensional flow field zoning has
been successfully implemented and tested on representa-
tive aerodynamic configurations. The results show that
this approach can produce flow field zonings which are ac-
ceptable to experts with differing evaluation criteria.

INTRODUCTION

Computational fluid dynamics (CFD) is becoming an
essential tool in the understanding of fluid physics and in
the design of aerospace vehicles. The long range goal is to
be able to quickly and accurately simulate the viscous flow
about realistic configurations!. ldeally, the time required
for each computation should be small enough to permit in-
corporation of such a solution technique into the design cy-
cle. Several aspects of CFD have been identified as pacing
items, or areas which require significant advances before
the goals of CFD can be realized?. Three-dimensional
grid generation is prominent among them. Although grid
generation methods have become fairly sophisticated, it
is often extremely difficult to generate a reasonable single
grid about a general, three-dimensional configuration® 5.
Factors which are principally responsible for this difficulty
are: 1) complex geometries, 2) the need for selective refine-
ment to resolve fluid physics phenomena efficiently, and 3)
limitations on the size of computer physical memory. Do-
main decomposition, or flow field zoning, is an effective
solution. Partitioning a flow field into zones can reduce
the topological complexity of the problem. [t allows grid
refinement to be limited to just those regions of the flow
field where it is required in order to resolve high gradients.
Also, if each zonal grid is small enough to fit into the phys-
ical memory of the computer, problems of any size can be
tackled.

The full benefits of flow ficld zoning can be gained only
if it is done well. A user must have the following qualifica-
tions: experience with zonal methods, familiarity with grid
generation capabilities, fluid dynamics knowledge, knowl-
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edge about the flow solver being used, criteria for evaluat-
ing zonings, and imagination. Unfortunately, the follow-
ing conditions exist which prevent the widespread use of
a zonal approach: 1) those qualifications are possessed by
few, and are not easily taught; 2) tedium and frequent er-
ror are inherent in zonal boundary condition specification,
regardless of the user’s expertise; 3) it is difficult even for
an expert to visualize and specify general zonal bound-
ary surfaces in three dimensions; and 4) zoning evaluation
criteria are not well established. Clearly, automating flow
field zoning is an important step towards achieving routine
application of CFD to aerospace problems®.

The goal of the present research is to lay the foundation
for an automated zonal grid (composite grid) generation
capability in three dimensions by developing a knowledge-
based demonstration program capable of automated flow
field zoning in two dimensions. There are aspects of the
zoning problem which make a knowledge-based program-
ming approach a natural choice. There are other aspects,
however, which tend to discourage the use of knowledge-
based techniques as they currently exist. The purpose of
this paper is to briefly describe the demonstration sys-
tem which has been implemented, focusing on the methods
used to overcome the difficulties arising from these latter
aspects.

EZGRID

A knowledge-based system called EZGrid (Expert Zon-
al Grid generator) has been developed to demonstrate the
feasibility of using a knowledge-based approach to auto-
mate flow field zoning for typical two-dimensional CFD
applications. The program was written in MRS7® (a logic
programming language developed at Stanford University),
Franz lisp, and C. [t contains over 100 rules which en-
able it to automatically design flow field zonings and gen-
erate the necessarv zonal boundary curves for represen-
tative two-dimensional aerodynamic configurations. The
input consists of one or more geometry coordinate data
files and the desired inflow conditions (Mach number, an-
gle of attack, etc.). Zonal boundary coordinate data files
are output in a form which can be accepted directly by
a grid generator. Approximately three person-years were
required for the development of FZGrid.

Figure 1 shows a simple zonal grid (i.e., that has only
one zone) for a single airfoil in a subsonic. inviscid fluid
at -1° angle of attack . In simple cases such as this, EZ-
Grid can automatically set the grid generation parameters
as well, so this grid was generated without human inter-
vention. ln general, FZGrid provides the boundaries and
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topologies for each zonal grid, and the user sets the grid
generation parameters for the final step of grid genera-
tion. Figure 2 shows the seven-zone (or seven-block) grid
designed by EZGrid for a four-element airfoil in a tran-
sonic, viscous fluid at 4° ‘angle of attack. All of the grids
in this paper were generated using the General Dynam-
ics grid generator GRIDGEN2D?. Note that the airfoil
in Figure 1 is identical to the downstream-most airfoil in
Figure 2, demonstrating that in addition to shape and in-
flow conditions, the configuration plays an important role
in determining the zoning.

EZGrid has both automatic and interactive modes of
operation. Though an automated design is possible for a
variety of zoning problems, a user may choose to design
a zoning interactively (to test out a particular idea, for
example).

A KNOWLEDGE-BASED APPROACH

There are several useful rules for identifying tractable
task domains for knowledge-based system development!?,
which are: 1) a closed-form or algorithmic solution cannot
be found, 2) domain expertise exists, 3) the task can be
performed by an expert within a reasonable amount of
time (hours, days), 4) the task is cognitive (as opposed to
perceptual), 5) the skill is routinely taught to nonexperts,
and 6) the task is worth doing, and has a high payoff.
Furthermore, a distinction is often made between problems
which are solved by means of classification, or selection of
predefined solutions, and problems whose solutions must
be constructed or designed (analysis versus synthesis)'’.
Problems that require construction of a solution usually
respond to knowledge-based techniques less readily than
those which can be solved using selection or classification
procedures.

Several aspects of flow field zoning obey these rules.
Zoning is an ill-structured problem, and no satisfactory
conventional solution has been found. Expertise is re-
quired to perform the task well, and an expert can design
and generate a zoning in several days or weeks, depending
on the complexity of the configuration. Finally, flow field
zoning is an important element in the drive to make three-
dimensional grid generation faster and easier, and is thus
definitely worth doing.

Unfortunately, several aspects of flow field zoning break
these rules. The art of flow field zoning is not easily taught,
perhaps because there is no good language to describe the
process. The task has an unmistakable perceptual element,
involving qualitative shape and position information. The
process of flow field zoning has been modelled as one in
which a solution is designed as opposed to selected. Lastly,
while there are recognized experts, ideas differ (and are
even still evolving) as to what constitutes a good zoning, so
the solution preferred by one expert may be unacceptable
to another. This implicit “user bias” affects the design and
evaluation of flow field zonings. These aspects of flow field
zoning serve to make the application of knowledge-based
techniques challenging at best.

The plan that was adopted to successfully develop a
system for this domain included the following;:

1. Develop a model and language to describe the funda-
mentals of two-dimensional flow field zoning.

2. Debug the model and language through the implemen-
tation of an interactive knowledge-based system (in
which the mechanics and bookkeeping of designing a
zoning and generating the boundary curves are auto-
mated, but the user supplies the necessary perception,
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zoning design knowledge, and implicit bias, i.e., the as-
pects of the problem which are difficult to automate).

3. Increase the level of system automation incrementally
by replacing the parts previously supplied by the user,
one at a time, as described in the sections below.

4. Use existing grid generation capabilities.

In the sections which follow, pragmatic solutions to the
problems of perception, design knowledge, and user bias in
flow field zoning are described.

SHAPE — A MATTER OF INTERPRETATION

To automatically design a flow field zoning for a given
problem, the system must have available qualitative shape
and configuration information. This information may be
obtained in one of two ways: interactively from the user
or automatically through extensive processing of the raw
geometric data input by the user. Interactive input was
selected for EZGrid for the following reasons: 1) data pro-
cessing can be time-consuming, even for cases which are
simple and obvious to a user; 2) the shape distinctions
typically resulting from such processing!? are finer than
necessary for this application; 3) the way an object is de-
scribed by a user may reflect some bias, and can radically
affect a zoning design; and 4) having the user describe the
configuration permits the system to share the user’s fo-
cus on object groupings as a way to decouple portions of
the problem where possible (objects which are far apart
or separated by one or more other objects may have lit-
tle influence on each other in terms of how the zoning is
designed). The user still provides the perceptual informa-
tion, but explicitly, in a consistent manner, only for the
input geometry, and only during the set-up phase at the
beginning of an EZGrid run.

To make the interactive input of shape and configura-
tion descriptions as consistent and as painless as possible,
a simple shape and configuration language was developed
based on Brady’s hypothesis'? that all.shapes have identi-
fiable subshapes. In EZGrid, object shapes are composed
of one or more primitive parts which are described by vari-
ous attributes (orientation, length, width, etc.). Each part
has a front end, a back end, a top side, and a bottom side.
Ends can be blunt, sharp, or base. Sides can be straight,
convex, or concave. Common end/side combinations are
given names, such as ellipse (both ends blunt, both sides
convex), teardrop (one end blunt, one end sharp, sides any
value), and bullet (one end blunt, one end base, both sides
convex). Parts fit together via “joins”, a simplified ver-
sion of Brady’s join concept. Configurations are described
by grouping objects that the user feels have a direct influ-
ence on each other, and then providing nearest distances
and relations among ob jects within a grouping and among
groupings. Object grouping permits a decomposition of
the problem into simpler subproblems, as is discussed in
the section on encoding zoning design knowledge.

The qualitative shape and configuration information in-
put by the user has a great impact on the design of a zoning
for any given problem. An example of the effect of shape
description is shown in Figures 3a-d, in which the geome-
try, inflow conditions, and user bias are all identical. The
only difference lies in how the shape has been described
qualitatively. The objects in Figures 3a-d have been de-
scribed, respectively, as an ellipse, a bullet, a wedge (one
end sharp, one end base), and a teardrop. The “ellipse” is
surrounded by a single zonal grid with what is known as
a C-type topology. A two-zone grid was designed for the
“bullet” case. The “wedge” flow field was partitioned into



three zones, and the “teardrop” shape was surrounded by
two zones, each with an H-type topology. The four zonings
are quite different, and demonstrate the large effect that
shape description has on flow field zoning design.

INCORPORATION OF USER BIAS

One of the problems associated with flow field zoning
is that the experts do not agree on what makes a good
zoning. One way to deal with this problem in the de-
velopment of a knowledge-based system is to establish a
standard, or archetypal, set of guidelines. The drawback
of this approach for zoning is the possibility that the stan-
dard could be totally unacceptable to some experts, and
totally acceptable to none. The approach which was cho-
sen, and which has worked well, is to establish a tunable
Zoning archetype. A user can tune the archetype to reflect
her or his own bias.

The criteria for designing and evaluating flow field zon-
ings can be categorized as either objective or subjective.
Objective criteria include basic guidelines for the type of
zoning being used, such as: zones are empty and topo-
logically four-sided, zones abut without gaps rather than
overlap, zonal boundaries do not cross each other or the
boundaries of the input geometry, and the outer boundary
location depends on the physical conditions of the problem.
Subjective criteria comprise what is commonly referred
to in expert systems parlance as “standard practice.” As
noted above, zoning practice is not standard. These sub-
jective criteria, which depend on a user’s bias, form the
basis for the tunable zoning archetype.

The bias an expert user brings to a zoning design prob-
lem involves a variety of factors: 1) the particular capa-
bilities of the user’s flow solver code, for example, how
boundary conditions and singularities are handled, what
sort of turbulence model is used, and what effect grid skew-
ness has on the robustness of the code; 2) the user’s own
experience (often based on a specific flow solver), which de-
termines the user’s threshold of tolerance of inaccuracies
caused by grid skewness, discontinuities, singularities at
body surfaces, and zonal boundary intersections with body
surfaces; 3) the user’s objectives for the problem at hand
— for example, the finest resolution is needed at body sur-
faces and in the wake in order to calculate drag accurately,
or high grid point efficiency is needed to get the greatest
accuracy with a small, fixed number of grid points; and 4)
aesthetics — “I don’t like the look of that discontinuity in
the boundary curve.”

To incorporate a user’s bias into the design and eval-
uation processes, it must first be parameterized. The
archetype is defined as the collection of parameters chosen
to capture zoning user bias, and is tuned by the assignment
of weights to each parameter. A list of zoning parameters
and their possible weight values is found in Table I. Note
that the values are all qualitative. The archetype is in-
tended both to guide the design of zonings and to evaluate
completed zonings. These qualitative values are used by
the design rules to influence a zoning design, as evidenced
by the results in Figures 4a-c. The geometry, inflow condi-
tions, and shape description are identical for each case in
Figure 1. Different zonings result from different archetype
parameter values. The zoning in Figure 4a was generated
for a user who places more importance on surface quanti-
ties (such as lift and surface drag) than on field quantities
or the wake. Figure 4b results when those priorities are re-
versed. The zonings differ mainly in topology  an O-type
toplology was automatically selected for 1a and a C-type
topology for 4h. The two-zone zoning in Figure 4¢ shows
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the EZGrid method of compromising when both surface
quantities and wake resolution are considered important.

Numerical values are more convenient than qualitative
ones for evaluating and comparing zonings. To translate
the qualitative values into numerical ones, the archetype
was calibrated in the following manner. Three different
configurations of NACA0012 airfoil pairs were selected as
test cases: horizontally aligned, vertically aligned, and
staggered. For the first two cases, three candidate zonings
were generated using EZGrid in interactive mode, and four
candidate zonings were generated for the staggered config-
uration. These three test cases were shown to five flow
field zoning experts. The experts were asked first to select
weights for the archetype parameters consistent with their
own views and appropriate for the test cases. No two of
the resulting archetypes were identical. They were then
asked to order the candidate zonings for each test case by
preference, presumably consistent with the archetype as
they had tuned it. Their orderings for each case are repre-
sented by the first number in each column in Table II. For
example, expert 1 rated zoning A as second best, zoning
B as worst, and zoning C as best for the first case.

The second number in each column of Table II is the
ordering given by EZGrid for the same cases. The EZ-
Grid preferences were arrived at by comparing the scores
calculated for the candidate zonings. Each parameter has
a measurement function which, when applied to a zoning
(prior to grid generation), yields a number that denotes
a penalty for that aspect of the zoning. The raw penal-
ties for each case did not vary from expert to expert, of
course, but the weights which multiply those values come
from each expert’s tuned archetype, so when the results
are summed and compared, the EZGrid preference in each
case does vary from expert to expert. The assignment
of numerical values to the qualitative weights chosen by
the user was adjusted so as to maximize the number of
matches between expert and EZGrid. Out of fifteen or-
derings, in only two does EZGrid fail to choose the same
“best” candidate as the expert. It would be misleading to
state that these results are statistically significant, but it is
reasonable to claim, based on this study, that user bias has
a measurable effect on flow field zoning design, and that
the the proposed zoning archetype is a promising method
of evaluating zoning results in the absence of universally
accepted criteria.

ENCODING ZONING DESIGN KNOWLEDGE

There are many approaches to design. The process
of flow field zoning is modeled as being of the design-by-
composition variety. A zoning design can be described by
a composition of primitive zoning actions. To automate
zoning, it is necessary either to automate the choice of an
action at each stage of the design, or to follow a plan (a
sequence of actions) constructed or selected at the outset.

Consider zoning design as a search problem in which
zoning knowledge is used to restrict the search for an
acceptable solution. The space of possible solutions (or
search space) consists of all possible combinations of zon-
ing actions. Weak heuristics are bits of knowledge that
help to prune the number of possibilities, but do not nar-
row the range of possibilities sufficiently to eliminate the
need for search. The nature of the zoning search space
is such that if only weak heuristics are used (involving
number of objects, prior actions, containment information,
and inflow conditions), the number of possible solutions
remains large, and much redundancy in the final zoning
design candidates is unavoidable. If strong heuristics are
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used (involving qualitative shape and configuration infor-
mation, user bias, zoning design knowledge, and fluid dy-
namics/CFD knowledge), the search space is narrowed to
one or possibly several action sequences. In fact, search is
eliminated. For such a search space, the plan option was
adopted.

Zoning plans are constructed by assembling predefined
subplans. Subplans are sequences of zoning actions ap-
plicable to a single grouping of objects. The bulk of the
zoning design knowledge in EZGrid is contained directly
by these subplans. If certain preconditions about an ob-
ject grouping are true, a complete subplan is asserted into
the database. If the configuration is described by only one
grouping, the subplan becomes the plan. If there is more
than one grouping, more than one subplan is selected and
assembled together to produce a plan. The rules which de-
termine the way in which the subplans are combined con-
tain the remainder of the zoning design knowledge. Figure
5a shows a three-zone viscous zonal grid for a single rotor
blade cross-section. Its plan was composed of a single sub-
plan. For the case of a cascade of rotor blades, represented
here by just two blades, one could either develop a subplan
for a grouping consisting of two vertically-aligned blades,
or describe the configuration as having two groupings, each
consisting of one blade. In the case of two groupings, the
subplan of Figure 5a would be selected twice and com-
bined. The five-zone grid resulting from this assembly is
shown in Figure 5b. The result of a somewhat different
combination of the same subplan is shown for the rotor-
stator pair in Figure 5c. The final example of subplan
assembly is the seven-zone zoning of Figure 2, which was
generated automatically following a plan assembled from
three simpler subplans. The assembly of plans from sub-
plans increases the system’s efficiency (it is not always nec-
essary to add new subplans to handle new configurations)
and generality (designs for complex problems may be com-
posed of designs for simpler problems). This approach has
proved successful for the test problems selected.

CONCLUSIONS

Flow field zoning is an effective solution to the three-
dimensional grid generation problem of computational flu-
id dynamics. To further exploit the potential of zonal ap-
proaches, zonal grid generation must be automated. As a
stepping stone to an automated three-dimensional zonal
grid generation capability, a two-dimensional flow field
zoning demonstration system, EZGrid, has been imple-
mented using knowledge-based techniques. This paper fo-
cuses on those aspects of flow field zoning which make the
use of such techniques challenging: the element of percep-
tion, lack of expert consensus, and the modelling of zoning
as a design process. In the case of perception, the solution
involves the use of a simple shape and configuration lan-
guage to facilitate the interactive input of such information
by the user. The lack of expert consensus is overcome not
by imposing a rigid standard, but by the development of a
tunable zoning archetype, which affects the zoning design
and provides a means of evaluation. The design knowl-
edge essential to the construction of a flow field zoning is
encoded in the form of subplans, which, when selected, are
assembled into a plan for designing and generating a zon-
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ing. A design problem is thus transformed into a simpler
selection and assembly problem.

It is clear, then, that the guidelines for choosing a prob-
lem to which knowledge-based techniques can be applied
are not hard-and-fast rules. The successful implementa-
tion of EZGrid demonstrates that even if some aspects of
a problem prevent it from being a perfect application for a
knowledge-based approach, time and persistence can over-
come the problems which arise.
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Table 1 Zoning Archetype Parameters

ARCHETYPE PARAMETER POSSIBLE VALUES
SIMPLICITY
ZONE CORNER SKEWNESS NO
ZONE SIDE SMOOTHNESS LOW
IMPORTANCE
ZONE SIDE MAPPING DISPARITY MEDIUM
GRID POINT EFFICIENCY HIGH

ORTHOGONALITY AT BODY SURFACES
SURFACE vs. FIELD QUANTITIES
WAKE RESOLUTION

ZONE TUPLE POINTS ALLOWED BUT NOT IMPORTANT
SINGULARITIES AT BODY SURFACES ALLOWED
ZONE/BODY INTERSECTIONS SOMEWHAT DISCOURAGED
VISCOSITY {N MORE THAN ONE DISCOURAGED
DIRECTION STRONGLY DISCOURAGED

NOT ALLOWED

Table 2 Zoning Archetype Calibration Results

CANDIDATE ORDERING BY PREFERENCE

CANDIDATE (HUMAN EXPERT/EZGRID)
GEOMETRY ZONING
EXPERT 1 EXPERT 2 EXPERT 3 EXPERT 4 EXPERT 5
HORIZONTAL A 2/2 1”71 2/2 mn mn
NACAO0012 PAIR
: : B 3/3 2/3 3/3 2/3 3/3
[ 1/1 3/2 7, 3/2 2/2
STAGGERED A 3/3 4/4 4/4 2/2 4/4

NACA0012 PAIR

o B 11 3/3 1/1 1 1/3
(@@= c 4/ 2/2 3 4/a an

D 2/2 71 2/2 3/3 291

VERTICAL A 2/2 mn 11 3/2 mn
NACAO0012 PAIR
B m 2/2 2/2 2.1 2/2

&
> c 3/3 33 3/3 13 33

L

]
]
4

71771 Figure | A single-zone grid.
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